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Convergence of specialised behaviour, eye movements and visual
optics in the sandlance (Teleostei) and the chameleon (Reptilia)
John D. Pettigrew*, Shaun P. Collin† and Matthias Ott‡
Chameleons have a number of unusual, highly
specialised visual features, including telescopic visual
optics with a reduced lens power, wide separation of the
eye’s nodal point from the axis of rotation, a deep-pit
fovea, rapid pre-calculated strikes for prey based on
monocular depth judgements (including focus), and a
complex pattern of partially independent alternating eye
movements. The same set of features has been acquired
independently by a teleost, the sandlance Limnichthyes
fasciatus. Despite its underwater lifestyle, this fish
displays visual behaviour and rapid strikes for prey that
are remarkably similar to those of the chameleon [1]. In a
direct comparison of the two species, we have revealed
other, previously unsuspected, similarities, such as
corneal accommodation, which was unknown in teleosts,
as well as bringing together, for the first time, data
collected from both species. The sandlance is the only
teleost, among thousands studied, that has corneal
refraction, corneal accommodation and reduced lens
power, as well as sharing the other specialised optical
features seen in chameleons. The independent eye
movement pattern in the sandlance is also unusual 
and similar to that of the chameleon. The selection
pressures that have produced this remarkable example
of convergence may relate to common visual constraints
in the life styles of these two phylogenetically 
disparate species.
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Results and discussion
Strikes
Both sandlance and chameleon strikes are rapid (being
completed in 100–200 msec) and error-free, never missing
the prey under ordinary circumstances (Figure 1, Table 1).
To an unaided human eye, the strikes of a sandlance, from
a camouflaged position in the sand to zooplankton moving
in the water column, look quite similar to the dart of the
chameleon’s tongue [2], as might be expected from their
similar time course and elongated shape (Figure 1).
Eye movements
Both the sandlance and the chameleon have highly inde-
pendent eye movements (Figure 2), with a pattern of alter-
nation of saccadic eye movements between each eye. In the
sandlance, we counted up to 11 saccades in a single run by
one eye, before the switch to the other eye (see Supple-
mentary material published with this article on the inter-
net). In the chameleon, the number of saccades in one eye,
Figure 1
Comparison of a feeding strike by (a) a sandlance (taking young
Artemia) and (b) a chameleon (taking an insect). Composite images
represent two phases of each strike, which are separated by
approximately one video frame (40 msec) and reconstructed from
separate flash images using Adobe Photoshop. Both strikes were
completed in approximately 100 msec. To the unaided eye, the
sandlance strike closely resembles a rapid tongue extension from the
sand. In addition to being fast, both strikes are extremely accurate;
under normal circumstances, neither the sandlance nor the chameleon
have been known to miss their prey [1,2]. The chameleon photograph
is used and modified with permission (Bruce Coleman Collection).
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before the switch to the other, is usually one, but three or
four could be observed (see Supplementary material).
Photoretinoscopy measurements show that the alternation
of each eye also extends to accommodation, which uses
visual feedback to control retinal image focus only in the
‘active’ eye. These observations support the interpretation
that attention is alternating from eye to eye along with the
oculomotor switch ([3]; K. Fritsches, J. Wallman and J.D.P.,
unpublished observations). In both the sandlance and the
chameleon, it seems likely that the switching mechanism
helps eliminate the ambiguity that would result if both eyes
were to simultaneously acquire different prey targets.
Visual optics
Both the sandlance and the chameleon have considerably
reduced the contribution made by the lens to the total
optical power of the eye, while at the same time increasing
the contribution made by the cornea (Figure 3). In the case
of the chameleon, the contribution of the lens has been
reduced below zero [4]. Although the reduction in lens
power may not seem great in the sandlance, where the lens
still accounts for 60% of optical power, it has to be borne in
mind that this is the only fish known, of thousands of
teleosts studied, in which the lens is flattened and in which
the cornea plays a role in refraction, adding high concentra-
tions of refractive material to form a corneal lenticle, the
cells of which have an electron-dense appearance like that
of the crystalline lens [1]. All other teleosts known have
spherical lenses, which contribute 100% of the total power
of the eye [1]. In both the sandlance and chameleon, the
effect of increasing the contribution of the cornea to the
total refractive power of the eye is to move the nodal point
further forward, thereby increasing magnification of the
retinal image and separating the nodal point from the axis of
rotation of the eye (Figure 4). This is a completely new
design principle found only in the eyes of these two verte-
brates. One consequence of this design is the provision of
monocular parallax cues from eye rotation, without the need
for any translation of the animal [5]. This mechanism would
help both the sandlance and the chameleon to locate and
disambiguate prey from the background, without the need
for any tell-tale movements of the whole head or body. 
Corneal accommodation
The cornea has an accommodative role in both the sand-
lance and the chameleon, a feature we initially missed
because it is unknown in other teleosts and squamates. We
verified corneal accommodation in the sandlance by observ-
ing changes in corneal curvature, both with a keratometer
(data not shown) and by monitoring the profile of the sand-
lance’s peculiar corneal lenticle with oblique lighting
during accommodation [1]. In both the sandlance and the
chameleon, accommodation was very rapid (~720 dioptres
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Figure 2
Independent eye movements in (a–d) the sandlance and (e–h) the
chameleon. In addition to scanning a wide range to aid the narrow field
of view and the long-focus optics shared by both animals, note that the
activity of each eye alternates.
(a) (b)
(c) (d)
(e) (f)
(g) (h)
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Table 1
Convergent features common to the sandlance and chameleon.
Camouflage: cryptic eye and body coloration.
Rapid, accurate strikes at small, mobile prey.
Specialised feeding apparatus.
Independent switching pattern of eye movements.
Extreme ocular mobility.
Lens with reduced power.*
Cornea with increased power.*
Corneal accommodation.*
Monocular range-finding (accommodative cues shown in the
chameleon, inferred in the sandlance).
Deep convexiclivate fovea in the retina.
Nodal point and axis of rotation of eye well-separated.*
Large image magnification.
Monocular movement parallax possible without eye translation.*
*Features not known in other fish or lizards.
(D)/sec in the sandlance and 60 D/sec in the chameleon)
and moved over a large range (180 D in the sandlance, rep-
resenting 25% of the total ocular power, and 45 D in the
chameleon, representing 45% of the total ocular power).
These values are remarkably high compared with other
teleosts, which all appear to use lens movement for accom-
modation (10 D/sec and ~5% of the total ocular power [6]).
Unfortunately no data are available for other lizards.
Alerted by changes in corneal curvatures, we looked for a
cornealis muscle and found it in both species (Figure 5). In
both species, the cornealis muscle was striated (in contrast to
the smooth muscle of the retractor lentis) and inserted
directly into the corneal stroma. In the sandlance, the bulk
of the cornealis muscle was located over the choroidal fissure
and inserted into the cornea near the notch in the limbus
that marks the fissure externally in this fish. The action of
the sandlance’s cornealis muscle would reduce the power of
the cornea by flattening its curvature. This action supports
our observations that the resting state for accommodation in
the sandlance is highly myopic (180 D) and that accommo-
dation involves a reduction in power so that the focus
moves toward infinity from the near point at rest. This is
the opposite effect to that found in the chameleon, where
accommodation brings the near point closer. We do not
know how contraction of the chameleon’s cornealis muscle
would bring about the increased curvature that occurs
during accommodation, given that this muscle surrounds
the whole of the globe circumference and inserts into the
corneal stroma.
Evolutionary pressure for the convergence
Predation on chameleons is only rarely observed in the
wild. Likewise, it has proved difficult to record an example
of predation upon the sandlance, despite many hours
watching its potential predators in the wild. Nevertheless,
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Figure 3
Schematics of the eyes of (a) the sandlance and (b) the chameleon
showing the forward position of the nodal point (F), which represents
the focal length of a single lens equivalent that replaces all the optical
components of the eye, compared with that of other (c) teleosts and
(d) lizards (squamates). In addition to having effects on the properties
of the accommodative system and increasing the magnification of the
retinal image, this unusual arrangement increases the separation
between the nodal point and the axis of rotation (R), providing a new
visual cue to judge distance using eye rotation.
F
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Figure 4
Application to (a) the sandlance of (b) Land’s suggestion for the
unusual visual optics of the chameleon [5]. Two prey items along the
same line of sight produce retinal images that are displaced when the
eye is rotated (monocular parallax) if there is sufficient separation
between the nodal point and the axis of rotation of the eye, as in both
these species. Both the sandlance and the chameleon have a deep-pit
fovea and good visual acuity, so small eye rotations would produce
discriminative parallax like that produced only by translation of the head
and eyes in other teleosts and lizards.
Sandlance
Chameleon
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(b)
we feel that visually directed predation, both by and on the
sandlance and the chameleon, provide the most likely
context in which to understand the selection pressures that
have brought about this remarkable convergence. We think
that the selection pressure operates in two directions.
Firstly, to provide an eye movement regime and an optical
strategy that can localise and acquire prey accurately for a
fast strike. Secondly, to reduce the conspicuousness of the
efforts being made by the visual and oculomotor systems to
localise prey. Therefore, the skin covering the eyes in both
the sandlance and the chameleon even further reduces the
eye’s conspicuousness. The increased role of the cornea in
both taxa would increase the range and speed of accommo-
dation by involving the fast, striated cornealis muscle. It
would also move the nodal point forward so that ocular rota-
tions alone would provide new information about the prey’s
location with respect to the background. Such information
would otherwise be available only from revealing transla-
tions of the whole head or body. Finally, the oculomotor
system that separates the long-focus eyes to increase cover-
age of the visual field, and that alternates activity between
the eyes, would minimise the risk of confusing two differ-
ent prey objects.
Materials and methods
Sandlances were obtained with net and scuba near Heron and Rottnest
Islands as previously described [1]. The chameleons (Chamaeleo
dilepis) were captured from the wild in Zimbabwe [4]. The interactions
leading to the discovery of new similarities between the fish and the
lizard were initiated when S.P.C. moved to Tübingen and began working
with M.O. The schematic diagrams were traced from cryosectioned
eyes of the sandlance [1], the chameleon [4], the cichlid Haplochromis
burtoni [7], and the iguana Iguana iguana [8]. The morphology of the
accommodatory apparatus was examined in semi-thin resin sections
([9]; M.O., unpublished data). Eye movements were studied using both
search coil techniques and video analysis ([3]; K. Fritsches, J. Wallman
and J.D.P., unpublished observations; [3]).
Supplementary material
A supplementary figure and a movie showing the alternation of saccadic
eye movements in the sandlance and chameleon are published with this
paper on the internet.
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Figure 5
Corneal accommodative apparatus in (a) the
sandlance and (b) the chameleon. Unlike any
other teleost known, the sandlance has a
cornealis muscle, which is striated and inserts
into the corneal stroma. Contraction of this
muscle (induced by acetylcholine) flattens the
corneal curvature and moves the lens
backwards so that the refractive state of the
eye moves 180 D from resting myopia to
emmetropia underwater. The retractor lentis
muscle is smooth and makes little if any
contribution to accommodation in the
sandlance, in contrast to its primary role in all
other teleosts. Accommodation in the
chameleon eye is also corneal, with great
speed and range, as in the sandlance. The
chameleon cornealis muscle is inserted into
the corneal stroma, as in the sandlance, but
the effect of its contraction is reversed, as the
resting state is emmetropia and the
contraction of the cornealis muscle produces
a myopic response that requires increased
corneal curvature. It is not clear how this
increase in curvature is produced. Scale bars
represent 0.1 mm (a) and 1 mm (b).
Abbreviations: be, basal epithelial cells; bv,
blood vessel; ce, corneal epithelium; ci,
corneal iridophore; cl, corneal lenticle; cm,
ciliary (cornealis) muscle; co, conjunctiva; cs,
corneal stroma; icm, insertion of ciliary
(cornealis) muscle; ir, iris; le, lens; n, nerve;
p, pigment of iris; re, retina; rlm, retractor
lentis muscle; s, sclera; so, scleral ossicles.
(a) (b)
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